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-Abstract- 
 

Enhancement of the simultaneous removal of organic matter and nitrogen and improving 
coulombic efficiency of microbial fuel cells 

 

After the adoption of sustainable development goals and the Paris Agreement in 2015, considerable 

efforts are being made to achieve a decarbonized society. According to the Planetary Boundary, human 
activities have affected the nitrogen and phosphorus cycle, which resulted the cycle beyond the range in 

which the Earth system is stable. In wastewater treatment, to realize sustainable water utilization, a 
processing method that is capable of simultaneous removal of organic matter and nitrogen from wastewater 

and achieve both energy saving and energy creation is necessary. Recently, to treat wastewater and 
simultaneously generate electrical energy, microbial fuel cells (MFCs) have been used. The conversion of 

chemical energy to electrical energy is attributed to the exoelectrogenic bacteria that are attached to the 
anode. Unfortunately, the coulombic efficiency (CE) and the power generation of MFCs that are used for 

treating real wastewater were only ~20% and several hundred mW m−2, respectively. Moreover, to remove 

nitrogen from wastewater by MFCs, oxygen is required for the nitrification reaction. Generally, a 
polytetrafluoroethylene cathode is commonly used for nitrogen removal in MFCs; however, the oxygen 

diffusion efficiency of PTFE is relatively low among gas-permeable membranes. Therefore, in this study, 
we aim to improve the oxygen supply performance without any energy input and explore the possibility of 

enhancing the CE of MFCs for the simultaneous removal of both organic matter and nitrogen. 
 

This research has been structured into seven chapters. In Chapter 1, we introduce the background and 
objective of this study, as well as the composition of this research. In Chapter 2, we summarize the previous 

studies on processes related to simultaneous removal of organic matter and nitrogen by MFCs, the limiting 
factors of CE, and the subsequent improvement plans. In Chapter 3, we summarize the experimental and 

analytical methods used in this research. In Chapter 4, a dual-chamber MFC was designed in which a gas 
permeable membrane was introduced for the simultaneous removal of organic matter and nitrogen in 

wastewater. On the one hand, organic matter (electron donor) is treated in the anode chamber of the MFC, 

while the effluent is fed to the cathode chamber. On the other hand, in the cathode chamber, oxygen is 
supplied via a passive oxygen supply through the gas permeable membrane, which leads to the generation 

of nitrate ions that are used as electron acceptors at the cathode to enable power generation. In Chapters 5 
and 6, we examined the chemical and biochemical perspectives to improve CE. Finally, in Chapter 7, we 

provide the conclusion and summarize this research. The primary results presented in Chapters 4–6 are 
discussed below. 

 
In Chapter 4, organic matter and nitrogen in wastewater have been designed to be removed by sequential 

reactions at the anode chamber and cathode chamber of the dual-chamber MFCs, respectively; thus, 
balancing the sequential reactions at the two chambers is necessary. In this study, as the influent, we used 

synthetic coke-oven wastewater containing phenol (organic matters), which requires time to be biodegraded. 
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Moreover, for passive oxygen supply at the cathode chamber, we introduced a silicone rubber membrane 

that has high oxygen permeability (~140 times as high as that of PTFE). The results indicated that although 
oxygen supply was passive, nitrification accounted for 34% of these aeration conditions and that silicone 

rubber membrane can control NO2−-N or NO3−-N production. The dual-chamber MFC used for treating the 

synthetic coke-oven wastewater achieved a maximum power density of 54 mW m−2 with a CE of 2.7%. 
Thus, we conclude that, for sustainable coke-oven wastewater treatment in MFCs, the silicone rubber 

membrane is effective and that the improvement of CE is important for enhancing nitrogen removal 
performance. 

 
In Chapter 5, we studied the effects of linear alkylbenzene sulfonate (LAS) on organic matter removal and 

power generation in MFCs. For this purpose, an air-cathode MFC was operated using acetic acid as the 
substrate because it can be directly consumed by bacteria. We conducted the experiments by infusing acetic 

acid, LAS, and acetic acid into the MFC. We removed 45.3% of LAS within 24 h; moreover, it was 
removed from the alkyl group with highest number of carbon atoms. Furthermore, we obtained a maximum 

voltage of 0.025 V. The CE of the MFC that was operated with acetic acid was 3.4%, while that of the MFC 

operated with LAS was 1.1%–1.6%. These results confirm that the CE of the MFC operated with acetic 
acid and LAS was estimated to be 3.1%–3.3%; however, the CE obtained was 4.6%–5.5%. The 

enhancement in CE could be because of the LAS-affected acetic acid uptake of aerobic heterotrophic 
bacteria (competing bacteria), which were observed on the surface of anode biofilm. Thus, the 

exoelectrogenic bacteria present at the bottom of anode biofilm consumed most of the acetic acid. 
 

In Chapter 6, using a one-dimensional anodic biofilm model, a sensitivity analysis was performed using 
bacteria (exoelectrogenic bacteria and competing bacteria) attached to the anode on CE. The results 

confirm that the effect the competing bacteria’s yield on CE was “very strong.” According to kinetics, yield 
is a constant value; however, that of competing bacteria attached to the anode may fluctuate. For example, 

reactive oxygen species are formed in cells as byproducts of aerobic metabolism, while antioxidants are 
synthesized to protect against cell damage. To synthesize antioxidants, organic matter is used; thus, the 

yield may decrease with decrease in organic matter. Based on the sensitivity analysis results, we 

hypothesize that changes in the amount of antioxidants in the competing bacteria may affect the power 
generation of MFCs. To date, there have been no studies to evaluate the antioxidative capacity of bacteria 

used for wastewater treatment. Moreover, it is difficult to continuously collect and evaluate the antioxidant 
capacity of bacteria attached to the anode in MFCs. 

 
In this study, we applied the oxygen radical absorbance capacity assay to conventional activated sludge 

obtained from a municipal wastewater treatment plant. Then, the total antioxidant capacity was investigated 
based on the assumption that the total antioxidant capacity of aerobic competing bacteria attached to anode 

in MFC performs in the same manner as conventional activated sludge. The results indicated that the 
concentration of organic matter in the aeration tank considerably affected the total antioxidative capacity of 

the conventional activated sludge; moreover, we confirmed the antioxidant synthesis of the conventional 
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activated sludge. These results revealed that the concentration of organic matter considerably affects the 

synthesis of antioxidants in the conventional activated sludge. Therefore, in this study, although we did not 
investigate the effects of antioxidants synthesis on the yield of aerobic competing bacteria attached to 

anode, the same phenomenon may occur in MFCs because oxygen permeates into the anode chamber and 

the concentration of organic matter changes over time. However, in the case of air cathode MFC, organic 
matter concentration and oxygen permeation through cathode can be controlled; thus, there is a possibility 

that the yield of aerobic competing bacteria can be adjusted. To summarize, this work presents a new 
approach for enhancing the CE of MFCs using the antioxidative capacity of bacteria.  

 
The results of this research reveal that silicone rubber membrane is effective for developing a sustainable 

process for the simultaneous removal of organic matter and nitrogen in MFCs. Moreover, LAS can be used 
for enhancing the CE, whereas the ORAC assay of bacteria is capable of providing a new approach for 

enhancing the CE. 
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3.1 g c g

g  

g g  
1 L SRM reactor 9cm 15.7 cm

3 Shin-Etsu Chemical Corp. Japan

 3 A KE−931−U A 31 0.5 mm  

23°C 1.07 g cm−3 B KE−551−U A 50 0.5 mm  23°C

1.14 g cm−3 C KE−581−U A 19 0.5 mm  23°C

1.24 g cm−3 A B C

3

30 °C 1

DO 1 12

KLa KLa DO 0 mgO2 L−1

 

 

!"#

!$
= &'((DO, − DO)  (3.1.1) 

&'( =
/.121

$34$5
678

"#94"#5
"#94"#3

   (3.1.2) 

DO 0 mgO2 L−1 DOs 0 mgO2 L−1 DO1 DO2

t1 t1=0 h t2 t2=12 h 0 mgO2 L−1 KLa

L d 1  
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mo g  
1 gN NH4

+−N NO 3
−−N 4.57 gO2

4.57 gO2 gN−1

NH4
+−N A NO 3

−−N

 

NH<
= + 2O/ → NO1

4 + H/O + 2H
=  (3.1.3) 

 

g c  

A 4 L

2 L 9.4390 g (NH4)2SO4 3.1556 g NaHCO3 0.012 g 

KH2PO4 0.1 L Smolders et al. 1994

500 mgN L 1 30 °C pH 7.5±0.1 110

68 v v-1  

0.8 g MLSS L 1 9 [L] cm×8 [W] cm×10 [H] cm 0.6 L

SRM-biofilm reactor 0

72 cm2 A

± MFC 1 0.3 L (NH4)2SO4

1000 mgN L 1 SRM-biofilm

500 mgN L 1 30 °C pH 7.5±0.1

NH4
+−N

A 0.3 

45  

45 ± MFC 1 A 0.5 L

SRM-biofilm 30 mgC L–1

DOC ± MFC

NH4
+−N 500 mgN L–1 (NH4)2SO4

pH NH4
+−N 0.5 L

1 10 15 NH4
+−N NO 3

−−N

(  
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NH<
= − N	residual	ratio =

LMN
O4L	PQRSRTUVTWQR	WR	SXXYZSRT

LMN
O4L	PQRSRTUVTWQR	WR	WRXYZSRT

  (3.1.4) 

NO/
4 − N	accumulation	ratio =

L#3
^4L	PQRSRTUVTWQR

L#3
^4L	=	L#_

^4L	PQRSRTUVTWQR,
 (3.1.5) 

 
 

NH4Cl  NaSCN (0.13 g L−1)  

Na2S2O3·5H2O (0.58 g L−1)  Na2HPO4·12H2O (0.05 g L−1)  NaHCO3 (4.55 g L−1)  (68% v 

v−1) Sueoka et al. 2009

NH4
+−N NH4Cl 20 40 600 mgN L−1

DO NH4
+−N 600 

mgN L−1 4 SRM-biofilm

81 NH4
+−N NO 2

−−N NO 3
−−N

NO 2
−−N NO 3

−−N  

NH4
+−N 20 40 600 mgN L−1 DO ) 

  

 

` =
abcd

e

fghN
ighN=fghN

fj3
ij3=fj3

k  (3.1.6) 

 
γ mgN L−1 d−1 μmax 1.0 d −1

0.24 gCOD gN−1 SNH4 SO2 NH4
+−N mgN L−1 O2 mgO2 L−1

KNH4 KO2 NH4
+−N 1.0 mgN L−1 DO 0.5 mg O2 L−1

X mgCOD L−1  

X NH4
+−N 600 mgN L−1

)  γ SNH 4

SO2 (KO2+SO2) −1 X 20

40 600 mgN L−1 SO NH4
+−N

) γ SNH4 X  
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 Reagent  (g/L) 

 C6H5OH 11.00 

 NaSCN 2.60 

 NH4Cl 35.00 

 Na2S2O3 5H2O 11.60 

× ×  Na2HPO4 12H2O 1.00 

 NaHCO3 91.00 

 

3.2 g MFCs g c g  

o 641 c  

 sx 641

MFC

9 [L] cm×8 [W] cm×10 [H] cm ± MFC 1

± 0.5 L ± 28 cm2

LFP-205 Osaka Gas Chemicals Japan ±

28 cm2 0.5 mg cm–2 EC-10-05-07  TOYO Corp. Japan

PEM Nafion 117 DuPont USA

Δ 2.5 cm Cu 1kΩ

± ±  

A C6H5OH (0.55 g L−1) NaSCN 

(0.13g L−1) NH4Cl (1.75 g L−1) Na2S2O3·5H2O (0.58 g L−1) Na2HPO4·12H2O (0.05 g L−1)

NaHCO3 (4.55 g L−1) (68% v v−1) Sueoka et al. 2009

L 200 500mgC L−1

30°C  

± MFC ± MFC

MFC N2 MFC

30°C 125 pH 7.5 1

8 0.25 L

 

 
 641 ; C=F A 641

NO 3
−−N Two-chamber MFC

Two-chamber MFC ± ±

2 MFC ± MFC ± ±

± PEM ± ±
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Δ 9 cm ± ± MFC

0.5 L NaNO3 500 mgN L−1 ±

1 kΩ ± MFC

± ± A 0.5 L

15 2 30  

 
 641 2M=E C=F A 641  

Dual-chamber MFC

Two-chamber MFC

± SRM-biofilm Dual-chamber MFC ±

± 3 ± Two-chamber MFC

± A ± ±

A 30 mgC L−1 DOC ± ± 1 kΩ

MFC 0.05 V 0.5 L A

Dual-chamber MFC 30°C 1 10  

  Dual-chamber MFC Puig et al. 2012

±

± A ±

CE Feng et al. 2015

NO 2
−−N NO 3

−−N

± NH4
+–N

0.24 gCOD gN−1 Henze et al. 2000

0.0875 gN gCOD 1 Henze et al. 2000 NH4
+–

N Nafion ± A ± Kuntke et al. 

2015 ± NH4
+–N 500 mgN L 1 ±

A

 

 

Total	coulombs =
nop⊿"#r

st
   (3.1.7) 

a 1 mol 4 e mol 1 F

96500 C mol 1 V L DOC 1

mgC L 1 b 3.11 gC gCOD 1 32 g 

mol 1  
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NO/
4 + 4H= + 3e4 → 1

2x N/ + 2H/O   (3.1.8) 

NO1
4 + 6H= + 5e4 → 1

2x N/ + 3H/O  (3.1.9) 

 
5 p o sx 641 

  ± MFC 1

A ±

0.5L ± 4cm 7cm Osaka Gas Chemicals  

Japan ± 0.5mg-Pt/cm2 4cm 7cm

EC-10-05-07 TOYO Corp. Japan Δ 2.5cm

± ±

SUS304 Nafion 117 DuPont

USA ± 1mm

100(  

0.5L 100mg-C/L 50mM Liu and Logan 2004

Adrian et al. 2006 0.5mL 30

± ±

MFC 1 1

0.5L 150  

 Reagent (g/L) 

(Ⅲ)  FeCl3 6H2O 1.5 

 B(OH)3 0.15 

(Ⅱ)  CuSO4 5H2O 0.03 

 KI 0.18 

(Ⅱ)  MnCl2 0.12 

×  Na2MoO4 0.06 

 ZnSO4 0.12 

(Ⅱ)  CoCl2 0.15 

 (HOOCCH2)2NCH2CH2N(CH2COOH)2 10 
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     A                                 B 

 

  C                                     D 

 
E                                        F 

        
- 0 - 1 - 2 - 3 - 4

g

90

5 5

5 5
80

25
25

5
5

1005 5

10
5

25
25

5

8030 30

95
30

30

7035 35

30
40

85
00

100

14
04-φ20

20 2020

35

3030

3535

35
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641 g  

 
r s  

 g

2019 Marcus 2007

± Fortran90 ±

A

MFC ±

5μm  

Monod Nernst

3

( )

Marcus et al. 2007 200 mg-VS/cm3

MFC

A

 

 

{f

{$
= |

{3f

{}3
− ~�k�                3.2.1  

ÄsÅÇ
{É

{}
+ Ñ = 0                   3.2.2  

�
��

��
��
��

��
��
��

�	
��

�

��
��
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S mmol-Ac cm−3 t s Ü ±A Δ cm k�

mg-VS cm−3 ÄsÅÇ mS cm−1 á V Ñ

A cm−2  

~� = ~àn}�
f

f=iâä

ã

å}ç(
é

èê
(4É))=ã

k�    3.2.3  

S mmol-Ac cm 3 t s Ü ±A Δ cm k�

mg-VS cm 3 ÄsÅÇ mS cm 1 á V Ñ

A cm 2 ~àn}� mmol-Ac mg-VS 1 d 1 &ë�

mmol-Ac cm 3 R J mol 1 K 1 T K  

 

~í = ~àn}í
f

f=iâh
             3.2.4  

~àn}í mmol-Ac mg-VS 1 d 1 &ëí

mmol-Ac cm 3  

 

{ìä
{$

= (î�~� − ïÅñn� − ïóåë�)k�    3.2.5  

î� mg-VS mmol-Ac 1 ïÅñn� mg-VS cm 3 d
1 ïóåë� mg-VS cm 3 d 1  

 

{ìh
{$

= (îí	í~í − ïÅñní − ïóåëí)kí    3.2.6  

îí mg-VS mmol-Ac 1 ïÅñní mg-VS 

cm 3 d 1 ïóåëí mg-VS cm 3 d 1  

 

òô = òô + ∫ õò − ï!å$òô        3.2.7  

òô cm õò òô cm ï!å$ d 1

 

 

0 =
{ú

{}
+

où5
û
üå
2~�k� +

où3
û
k�ïóåë�    3.2.8  

Ñ mA cm 2 `ã mmol-e- mmol-Ac 1 `/

mmol-e- mg-VS 1 † 86400 s d 1 üå
2
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r s  

 

2 g  

12 10% CE

Read et al. 2010  

°Åú = ¢
£§•/§•
∆}•/}•

¢             3.2.9  

°Åú < 0.25 0.25 ≤ °Åú < 1 1 ≤ °Åú < 2 2 ≤ °Åú

 

 

e-

ア
ノ
ー
ド

Marcus et al., 2007

拡散層 基質層生物膜層

拡散で酢酸が
供給

�����

�����

�, 2019

MFC



- 36 - 
 

b o g  

 
  

Symbol Description Numerical values Unit Reference

L diffusion layer thickness 0.01 cm Murcus et al ., 2007

D 1 Acetate diffusion coefficient 0.941 cm2/d Murcus et al ., 2007

D 2 Acetate diffusion coefficient in biofilm 0.753 cm2/d Murcus et al ., 2007

q maxE Maximum specific rate of ED utilization for active biomass 0.132 mmol-Ac/mgVS/d Murcus et al ., 2007

q maxH Maximum specific rate of ED utilization for competitor biomass 0.113 mmol-Ac/mgVS/d �, 2019

K SE Harf-max-rate acetate concentration for active biomass 3.0.E-05 mmol/cm3 Murcus et al ., 2007

K SH Harf-max-rate acetate concentration for competitor biomass 0.0011 mmol/cm3 Calculated based on Alavijeh et al ., 20015

Y E True yields for active biomass 4.52 mgVS/mmol-Ac Murcus et al ., 2007

Y H True yields for competitor biomass 3 mgVS/mmol-Ac Calculated based on Alavijeh et al ., 20015

b inaE Inactive decay coefficient for active biomass 0.05 /d Murcus et al ., 2007

b inaH Inactive decay coefficient for competitor biomass 0.02 /d Masih Karimi Alavijeh et al ., 20015

b resE Endogenous decay coefficient for active biomass 0.05 /d Murcus et al ., 2007

b resH Endogenous decay coefficient for competitor biomass 0.07 /d Masih Karimi Alavijeh et al ., 20015

η Local potential 0.5 V Murcus et al ., 2007

X f Biomass saturation density 200 mgVS/cm3 assumed

b det Detachment rate 0.05 /d Murcus et al ., 2007

γ 1 Electron equivalence of acetate 8 mmol-e-/mmol-Ac Murcus et al ., 2007

γ 2 Electron equivalence of active biomass 0.177 mmol-e-/mmol-VS Murcus et al ., 2007

f e
0 Fraction of electrons from the ED used for energy generation to

support synthesis
0.9 dimensionless Murcus et al ., 2007

κ bio Conductivity of biomass 1×10-5 mS/cm Murcus et al ., 2007

τ Time conversion 86,400 s/d constant
F Faraday constant 96,485 C/mol-e- constant
R Idial gas constant 8.3145 J/mol/K constant
T Temperature 298.15 K assumed

0.02  
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3.3 MFC g c g  

MFC DOC

Ac  

 

 

MFC GL220  Graphtec 5

±1.0 V ) ) CE

 

 c

Logan 2008 220k( ~ 47(

-

-

 

< > 

 220k

(  

 6  

/  

 ➁ ➂  
 ±

 

 

™ =
�3/´¨d≠

Æ
 3.3.1  

P mW m 2 E mV Rext Ω A ±

m2  
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c WatanabeR2013  

 13

CE ±

Logan 2006

CE MFC MFC

 

 

Ø∞ =
±∫ ≤

≠
≥ !$

¥µ∂⊿∑∏π
 3.3.2  

M=32 b=4 1 mol F

96 485 C e- mol 1 V ± L ⊿COD

gCOD L 1  

 
LAS MFC CE  

 
⊿Ø∫| = ⊿Ø∫|Æª + ⊿Ø∫|'Æf 3.3.3  

⊿CODAC gCOD L 1 ⊿CODLAS LAS gCOD L 1

⊿CODAc ⊿CODLAS (

 

 
⊿Ø∫|Æª = ⊿ºΩ × 2.67 3.3.4  

Ac gC L 1 2.67 COD gCOD g 1C  

 

Ø∫|'Æf = Øã2 × 2.18 Øãã × 2.23 Øã/ × 2.28 Øã1 × 2.32 3.3.5  
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⊿C10 ~ ⊿C13 LAS gC L 1 2.18 2.23 2.28 2.32

C10 ~ C13 COD g COD g 1LAS  

 
LAS A ±

⊿CODLAS )  

 
⊿Ø∫|'Æf = ⊿Ø∫|'Æf 		¡ÅÇ + ⊿Ø∫|'Æf 		Æsë 3.3.6  

 
⊿Ø∫|'Æf 	Æsë = ⊿Ø∫|'Æf 		Æsë4ã + ⊿Ø∫|'Æf 		Æsë4/ 3.3.7  

⊿CODLAS  Bio LAS gCOD L 1 ⊿CODLAS  Abs LAS

gCOD L 1 ⊿CODLAS  Abs-1 LAS gCOD L 1 ⊿CODLAS  

Abs-2 LAS g COD L 1  

 
LAS CE ⊿CODLAS-1 ⊿COD LAS-2

⊿CODLAS ⊿COD

LAS CE-1

LAS CE-2

CE CE-1 CE-2  

 
⊿Ø∫|'Æf4ã = ⊿Ø∫|'Æf 		¡ÅÇ + ⊿Ø∫|'Æf 		Æsë 3.3.8  

⊿Ø∫|'Æf4/ = ⊿Ø∫|'Æf 		¡ÅÇ 3.3.9  

 
641 g o uw g  

  3 1 Run1

100 mgC L 1 Run2 100 mgC L 1 30 mgC L 1 LAS

LAS MFC c Run3 100 mgC L 1 LAS

MFC LAS

50mM 0.5mL  

MFC 1 LAS η  

á = ¬1 −
Ø�ôô√ƒåñ$

Ø≤ñô√ƒåñ$
≈ ∆ × 100 (%) 3.3.10  

CInfluent LAS CEffluent LAS  

  



- 40 - 
 

g

 

 

3.4 g g  

c g

4 5 MFCs

6 A 6 A

2 A1  A2 4 O1~O4

2 A  

6

A1~O4 6 A 2018 1 12 2 8 6  

28  

g g

2204.98 ha 

74500

 84000m3

BOD 188 ppm 
 

 

�� LAS
(mg-C/L) (mg-C/L)

1 100 -
2 100 30
3 - 100

Run
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g g 2012  

 

 

g g  

 
g 79 1 7OPBA 9= D =E = A 1= = DLP g

(1)  

7!36JN	x$Z�"��YI�?U y=S!����Utf��Regoli. 2000 e�)d

EPS w~=S!����Uj��o�eJN	x=S!����U�%�o�q}wd-DGt

y`����&0O4�Frølund et al. 1996 t EPS�%�ndC]k 500μmxz�gt7!36

x|���nqepx�d��������7500 rpmd 3 mind OMNI Internationald GLH t�

'
@ndX �a�12000 gd4 °Cd15mindKOKUSANdH−1500Rα t��nq�>|8�T

(unqe{qd����4�Liang et al. 2010 �Ags=S!����Ux�.�Rrqepx#

c���wEoe 

嫌気 好気

A1 A2 O1 O2 O3 O4下水
流入 流出
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< > 
 1 gVSS L−1 Ω  

 3500rpm 2100g H-28F KOKUSAN 5 Ω A

 

/ Ω PBS Frølund et al. 1996  

 3500 rpm 5 Ω  

 Dowex 50×8 Na+ form 20–50 mesh 1 

g : 70 g 30 mL PBS  

 ➄ 600 rpm 1 4 °C �    

3 ➅ 12000 g�KOKUSANdH−1500Rα  15 Ω

4 °C  

 ➆ EPS Frølund et al. 1996
ORAC  

 ➆ 20 mL PBS
��������2500 rpmd20 sdOMNI InternationaldGLH t�'
@nsdC

]k 500 μmxz�gt7!369�8���o��  e

�   

 ➈ 7!369�8���������7500 rpmd3 mindOMNI Internationald 
GLH t�'
@o�elx�/y21tRhe 

 ⓾ 7!369�8 12000 g�KOKUSANdH−1500Rα  15 Ω

4 °C

ORAC  

 

 
38 g  
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A                                             B 

io mo c uw g 0

p uw  

 
(2) ORAC  

  ORAC 4y����]�w�rs�Sm����������Q����� xQ����K

+Bw;�ndL$Z����[o�)4tf��Cao et al. 1997 e�Wnq)4t��nqT

( 30 μLw����]�tf� AAPH (2d2*-azobis (2-amidino-propane) dihydrochlorided50 

mM) 60 μL u������� 150 μL (125.2 nM) �:�nd37 2�^ikw 2+^w�q�Q

����;�nqevidQ��.y������������ (infinite F200PROdTECAN)�A

gsd�V5\ 485 nmd;�5\ 528 nmt;�nqepnsd*��Regoli. 2000 w�gdT(

xQ���x,M�bFu����x,M�bFx�� ( � Trolox �[w&Hndp�

�=S!���� [t_nq~x� ORAC unq�  evidTPx<�u�.x#c�

��wEoe 

< > 

 Trolox 350 µM 1 L Trolox 0.0219 g PBS

PBS 20  

 40 µM 1 L 500 mL Milli-Q

0.1 g A  0.0133 g Milli-Q

PBS 250  

 AAPH 50 mM 100 mL AAPH 1.3556 g A PBS

 

 
< > 

  

 Milli-Q  

/ AAPH  

 Blank Trolox 30 µL  
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 Milli-Q

 

 

 
( 79 1 g

 

∫»ºØ	(µmol	TE			mg4ãProtein) =
Õ× ×  3.4.1  

 
o c g 79 1 g

O4 A Ω

N2 BOD 1997

60 mgC L−1

) 1

1 ORAC n=5 0.5

0.5 MLSS MLVSS 20°C

 

 

) (
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) o c g 79 1 g  

 

3.5 edg  

( 271

0.3 μm GF-75 ±

TOC TOC-VCSH SHIMAZU DOC  

 
(  

Shimadzu (

( S 
 

( t g

 
 

 

 

 

���� ���� �����

HPLC Shimadzu CBM-20A
Pump A Shimadzu LC-20AT
Pump B Shimadzu LC-20AT
�� Shimadzu CDD-10Avp

����
�	� Shimadzu SIL-20AC
���
 Shimadzu CTO-20A
�	� Shimadzu Shim-pack
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( g  

 
 
( s y 5  

LAS 10 A 14 C10 ~ C14 LAS

RF-10A XL Shimadzu HPLC Prominence

Shimadzu Wakopak Wakosil AS-Aqua Wako LAS

C10 ~ C14 LAS Tsuji et 

al. 2009 ( (

LAS Wako C10 ~ C13 11.0% 34.7%

32.3% 22.0% C14 A A LAS C10 ~ C13

 

 

( 5 t g

 

( LAS g  

 12 min 

Flow 0.7 mL/min 

Column temp 40 ℃ 

Injection 10 µm 

 
0.1 mol/L

65:35  V/V  

 

 

 

���� 17min
Flow 0.8mL/min

temp 45�
Injection 20μL

��� p-�������������5mol/L

�
�

p-�������������5mol/L
EDTA 100μmol/L
Bis-Tris����20mmol/L

	

���� ���� �����

HPLC Shimadzu CBM-20A
Pump Shimadzu LC-20AT
�� Shimadzu RF-10XL

����
�	� Shimadzu SIL-20AC

���
 Shimadzu CTO-20A

�	� Shimadzu Wakopak Wakosil AS-Aqua
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( s s R R  

NH4
+ –N NO2

––N NO3––N ±

APHA. 1998  

 
( ( 65 65  

MLSS MLVSS 1997  

 
( )  

ORAC 5 Tukey

ORAC p<0.05

R  
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)

M 63
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) M 63

 

 
)  M

)  O

) ( 63

) ) M 63

C

M 63 M D) S C M

M D M

63 C) S C F

MC FRO

M D C LNC

S H M D) ( S C

M a 63 C M

63 FRC

H M D ) ) S C M 63

MCO D

00000000000000000000000000000000000000000000000000000000000000000000000000000000 
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4.1 M

 

MFC C )

C C

C

MFC C

C M C

 

 

 
) M  

 
 
 
 
 



 C
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4. 2  

) F

A C SRM DO C )

12 C DO 4.8 mgO2 L −1 control

0.2 mgO2 L −1 C SRM

C  

A  B C C n=3 KLa 1.8  1.4

1.1 d−1 C KLa 0.1 d−1 )

A  B C C p 0.01 C

C C

KLa

3.0 mgN 

L −1 d−1 472 mgN m −2 d−1 C

A  

 

 
) 4

0

1

2

3

4

5

6

0 2 4 6 8 10 12 14

D
O

 (m
g/

L)

Elapsed Time (h)

control Silicone rubber membrane A
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- 52 - 
 

) 89  
  

0.1

1.8

1.4

1.1

0

1

2

K L
a 

 (d
−1

)

A B C
Control Silicone rubber membrane
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) M

SRM-biofilm C 1 C 81 92 C

4.2.3 NO 3
−−N NO 2

−−NC NH4
+−NC

C 52.5 mgN L 
−1 d−1 3.0 mgN L −1 d−1 18

C 18

M C

C C

C

C

1991 C C  

C 4.2.4 C 153 mgN L −1 d−1

C

NH4
+–NC 600 mgN −1C C 52.5 mgN L −1 d−1

C 34 M C NH4
+–N 1.0 mgN 

L −1 Henze et al. 2000 NH4
+–N C

NH4
+–N C C

NH4
+–N C

20 40 600 mgN L −1 C DO ( + C X

36.8 mg COD L −1 20 40 600 mgN L −1 C SNH4 (KNH4+SNH4)−1

0.952 0.976 0.998 C 20 40 600 mgN L −1

C SO2 0.046 0.092 0.261 mgO2 L −1 C

C C
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) ( = 2 - E.

 

 
) ) ;7) B;

 
) (

) SRM-B C NO 2
−−N NH4

+–N 62

C 6 7 0.2 C C NO 2
−−N

NO 2
−−N 62 1.0 118

NH4
+–N NO 2

−−N

 

AOB



 C

- 55 - 
 

C AOB C

1999

M C

Semmens et al. 2003

M C

62 C AOB

M 1999 C

AOB C

AOB

NO 2
−−N C 4  

 
) ;7) ; ; A;

 

4. 3 MFC  

) ( 63

MFC 125  C DOC 450 500 mgC L −1

1 C 30 mgC L −1 ) ( DOC C

C 10 g L −1

Kugelman McCarty 1965; Lefebvre Moletta 2006 MFC

NaCl 10 g L −1 MFC C

Lefebvre et al. 2012

68 v v 1 C M C 3.5 w v 1

M C 23.8 g L −1 C C

MFC C  



 C
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) ( a 63 4 3

 
) ( 63  

MFC Two-chamber MFC C 1 DOC ) (  1

DOC 0.36 V C C C

MFC  

19 2 C 4 ) (  2

MFC C 62 mW m 2 258 Ω

M Song et al. 2014 MFC C

Nafion-MFCC 262 mW m 2 Liu & Logan  2004 Nafion-MFC

C 328 mW m 2 Liu et al. 2005 MFC C

C MFC Luo 2009 400 mg L 
−1 C MFC 6 mW m 2 C Song

2014 600 mg L−1 C MFC 16.5 mW m 2 C

898 Ω C Buitrón 2014 1000 mg L −1

C MFC 49.8 mW m 2 C 460 Ω C

MFC C

Logan et al. 2006; Ter Heijne et al. 2006 C C

C EC Lefebvre et al. 

2012; Li et al. 2013; Liu et al. 2005 MFC C 68 v v−1 C

C MFC  
 



 C
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) ( 63

 1 4 3  2  
  



 C
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4. 4 M MFC

 

MFC Dual-chamber MFC C NH4
+–N NO2

––N NO3
––N

C ) )  1 NH4
+–N C NO2

––N NO3
––N C

NO2
––N NO3

––N C NH4
+–N C

)  

MFC C 54  2 ) Two-chamber MFC

CE 2.7 C 1

4 4 Luo et al. 2009; Buitrón et al. 2014; Song et al. 2014

Luo et al. 2009

MFC C CE C 4

M Du et al. 

2007  

C DOC C NH4
+–N NO2

––N NO3
––N C

) (  2 466 mgC L −1 C 10

C 0.5 L C 0.091 mol C

MFC C CE 2.7 % M 0.0025 mol

C C

) ( NO2
––N NO3

––N 0.007–0.011 gN C NO2
–

–N NO3
––N ) )  1  

0.194 gN C NH4
+–N C

0.004−0.009 gN ) )  2  

0.02 gN NH4
+–N NO2

––N NO3
––N C

0–0.009 gN 4 CE = 20 %C

C C ) ) 0.052 0.081 gN

0.056 – 0.090 gN C 90 – 93 % M C

MFC C

CE C MC

90 18 22

M FC C

 

1 mol C NO3
––N 5 mol C

( - 358.4 kJ mol N−1 C Henze et al. 

2008 1 mol C NO2
––N 3 mol C
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- 59 - 
 

3.1.9 279.7 kJ mol N−1 Henze et al. 2008

NO2
––N NO3

––N

MFC

NO2
––N NO3

––N ) C MFC

C NO2
––N

NO2
––N NO3

––N C

PEM C MFC

C C

MFC  

) ) 63

 1 ;7) ;C ; B ; ; (
B ;  2 4 3  
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) ) 63 K 35 35 %
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(
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(  

 

 
(  MFC  

(  LAS MFC  

(  LAS S MFC  

 
F . 1 -

M C5 F

C R C 4( F 4 F E C

- MC5( F 4 . 14. 1

A E4 - MC5( F 4( (

E4. 1 - C5

======================================================================= 

 



- 63 - 
 

( C

( -

MFC 108−110 ( 110

 12 h  

0.15 V  2

 MFC

 MFC  LAS

 

 
( ) 8 -  

 

( . 1 -

( -  

Run1  LAS Run2 MFC 1

( Run1 12  Run2

18  LAS Run2 Run1

 

Run  0.15 V

 0.02 V  Run1

12  Run2 20 Run  

0

20

40

60

80

100

0.00

0.05

0.10

0.15

0 10 20 30
Ac

m
gC

/L

Vo
lta

ge
(V

)

Elapsed time (h)

) 01  
) 01  
) 01  

( 01  
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Run1 55 C  Run2 91 C  Run1 1.7 Run2

130 mgC L−1 Run1 100 mgC L−1 1.3

 30 mgC L−1 LAS
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